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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re PATENT Application of 
KOIDE et al. 

Continuation of Appln. No. 08/925,323 Group Art Unit: 28 1 5 

Filed: November 15, 2000 Examiner: J.Jackson 

FOR: METHODS FOR MANUFACTURING A LIGHT-EMITTING DEVICE 

* * * 

November 15, 2000 

PRELIMINARY AMENDMENT 

Sir: 

Prior to substantive examination, entry and consideration of the following 
amendments and remarks are respectfully requested. 



IN THE TITLE : 

Kindly replace all occurrences of the original title with -METHODS FOR 
MANUFACTURING A LIGHT-EMITTING DEVICE-. 



IN THE SPECIFICATION : 

Kindly amend the specification as follows. 
Page 1, line 2, insert on separate lines 

-CROSS-REFERENCE TO RELATED APPLICATIONS 
This is a continuation of Application No. 08/925,323, filed September 8, 1997, 
now allowed.—. 

line 19, delete "one-dot chain", before "line 11 insert —dashed--. 
Page 2, line 8, delete "one-dot chain", after "the" insert —dashed—. 



KOIDE et al - Continuation of Appln. No. 08/925,323 

Page 3, line 5, after "people 11 insert 

line 17, delete "one-dot chain", before "line" insert —dashed—; and 

line 19, change "therefor" to -therefore-. 
Page 6, line 16, after "layer" insert —1 1—; and 

line 18, before "group" insert — a--. 

IN THE CLAIMS : 

Kindly cancel claims 1-20 and add the following new claims, 
— 21 . A method of manufacturing a light-emitting device comprising forming 
a light-emitting layer comprised of InxGai_xN, wherein the light-emitting layer has an 
indium mole fraction X and emits light of wavelength X (nm) = 1239.8/Eg (eV), over 
a sapphire substrate; such that the emitted light has an energy level Eg < 3.4 * (1 - X) 
+ 1.95 *X- 1.0 *X*(1-X). 

22. A method according to claim 21, wherein the emitted light has an 
energy level Eg approximately calculated in accordance with the following: Eg = 3.4 * 
(1 -X) + 1.95 * X-4.26 * X * (1 -X). 

23. A method according to claim 22, wherein the indium mole fraction X is 
set from about 0.13 to about 0.18 and the light-emitting layer emits light having a peak 
wavelength ranging from 460 nm to 480 nm. 

24. A method according to claim 22, wherein the indium mole fraction X 
ranges from about 0. 1 3 to about 0. 1 8 and the light-emitting layer emits blue light. 
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25. A method according to claim 22, wherein the indium mole fraction X is 
set from about 0.20 to about 0.23 and the light-emitting layer emits light having a peak 
wavelength ranging from 510 nm to 530 nm. 

26. A method according to claim 22, wherein the indium mole fraction X 
ranges from about 0.19 to about 0.26, and the light-emitting layer emits green light. 

27. A method according to claim 21 further comprising: 
disposing a buffer layer comprising A1N on the sapphire substrate; 
interposing a first clad layer comprising n-GaN between the buffer layer and the 

light-emitting layer; and 

forming a second clad layer comprising p-GaN doped with magnesium over the 
light-emitting layer. 

28. A method according to claim 27 further comprising: 

disposing a transparent electrode comprising gold on the second clad layer; and 
disposing an electrode pad on the first clad layer. 

29. A method according to claim 27 further comprising: 

interposing a layer comprising AlxInyGaioc-Y (including X=0, Y=0, X=Y=0), 
wherein said interposed layer has a wide band gap and is doped with an acceptor, 
between the light-emitting layer and the second clad layer. 

30. A method according to claim 29, wherein the acceptor is a group HA 
element. 
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KOIDE et al. - Continuation of Appln. No. 08/925,323 

31. A method according to claim 29, wherein the acceptor is magnesium. 

32. A method according to claim 27, wherein the layers are grown as crystals 
by a metal organic vapor phase epitaxial growth method with nitrogen, ammonia and 
alkyl compound gases containing a group III element -- 

REMARKS 

Claims 21-32 are pending. 

The title has been amended to be descriptive of the claimed invention. A 
reference to a related application and a priority claim have also been added. 

Moreover, the specification has been amended to include corrections requested 
by the Examiner in the parent application. In addition, a correction has been made to 
Figure 2, in accordance with the Examiner's request in the parent application that all 
claimed features be illustrated: a layer 1 1 that may be present is shown by a dotted 
line. Since this is optional, a dotted line rather than a full line has been used. The 
attached Figure 2 is a redlined version showing the correction. Support for this 
change in Figure 2 is found on page 6, lines 16-22, of the present specification. It is 
believed that this correction is supported by the original disclosure and, thus, no new 
matter has been added. Approval by the Examiner of this correction to Figure 2 is 
respectfully requested. 
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A prompt and complete examination on the merits is earnestly solicited. If 

further information is required, the Examiner is invited to contact the undersigned. 

Respectfully submitted, 

Cushman Darby & Cushman 
Intellectual^roperty Group of 
PILLSBtJRY MADISON & SUTRO, LLP 



By: 




PWG/GRT:nlh 
1 100 New York Avenue, NW 
Ninth Floor, East Tower 
Washington, D.C. 20005-3918 
Telephone: (202) 861-3000 



Peter w. uowoey 
Registration Nt>. 25872 
Telephone: (202) 861-3078 
Facsimile: (202) 822-0944 
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SEMICONDUCTOR LIGHT-EMITTING DEVICE 



BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates to a semiconductor light- 
emitting device. This semiconductor light-emitting device can 
be utilized as a light-emitting diode, a laser diode, or the 
like. 

2 . Description of the Conven tional Art 

Light-emitting devices using compound semiconductors 
cover visible short wavelength regions. Among other light- 
emitting diodes, nitride III semiconductors have attracted 
attention in recent years because these semiconductors are 
direct transition semiconductors, so that they exhibit high 
light-emitting efficiency, and because these semiconductors 
emit blue light, which is one of the three primary colors. 

When the light-emitting layer is formed of ln x Ga,. x N, it 
has heretofore been considered that a relation such as shown by 
the one-dot chain line in Fig. 1 exists between the indium mole 
fraction X and the photon energy (see "Journal of applied 
physics", Vol. 46, No. 8, August 1975, pp. 3432-3437 and 
"Microelectronics Journal", 25 (1994), pp. 651-659). The 
photon energy of the wavelength X of blue light (470 nm) is 
almost 2.64 eV, and the photon energy of the wavelength X of 
green light (520 nm) is almost 2.38 eV. Therefore, according 



to the conventionally proposed relation, blue emission is 
obtained by setting the indium mole fraction X to approximately 
0.26 and green emission is obtained by setting the indium mole 
fraction X to approximately 0.6 7 if no impurities are to be 
5 added . 

As a result of a continued study on the light-emitting 
layer formed of In x Gai_ x N, the inventors realized that the 
conventionally proposed relationship shown by the one-dot chain 
line in Fig. 1 could not be applied without modification if 
10 such a light-emitting layer is to be formed on a sapphire 
substrate . 

SUMMARY OF THE INVENTION 
To overcome the aforementioned problem, the inventors 
15 further studied the relationship between the indium mole 
fraction X and the photon energy in a light-emitting layer 
formed of InxGa^N on a sapphire substrate. As a result, a 
relationship shown by the solid line In Fig. 1 was found. When 
converted into a relationship between a wavelength X and the 
20 indium mole fraction X, this relationship can be given as 
follows . 

(1) X (nm) - 1239. 8/Eg (eV) 

(2) Eg = 3.4 * (1-X) + 1.95 - X - 4.26 * X * (1-X) 
According to the above equations (1) and (2), a ray of 

25 light having a peak wavelength ranging from 460 to 480 nm is 
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emitted when the indium mole fraction X is set to 0.14 to 0.16. 
As a result, when the indium mole fraction X in a light- 
emitting layer formed of In x Gai_ x N on a sapphire substrate was 
set to 0.13 to 0.18, it was found that blue light, i.e., blue 
5 light as visually observed by people was emitted from such a 
light-emitting layer . 

Further, according to the above equations (1) and (2), 
a ray of light having a peak wavelength ranging from 510 to 530 
run is emitted when the indium mole fraction X is set to 0.20 to 

10 0.23. As a result, when the indium mole fraction X in a light- 
emitting layer formed of InxGai.xN on a sapphire substrate was 
set to 0.19 to 0.26, it was found that green light, i.e., green 
light as visually observed by people, was emitted from such 
light-emitting layer . 

15 The solid line in Fig. 1 that shows the newly 

discovered relationship is characterized by a line more sharply 
inclined than the^one-dot chain line in Fig. 1, which shows the 
conventionally proposed relationship. A conceivable reason 
therefor is that since the lattice constant of a semiconductor 

20 constituting the light-emitting layer is different from that of 
the sapphire substrate, the light-emitting layer is distorted, 
and as a result, the photon energy is decreased, i.e., the 
wavelength is shifted toward long wavelengths even if the 
indium mole fractions are the same. 

25 The relationships shown in Fig. 1 illustrate cases 
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where light-emitting layers are formed of I^Ga^N with no 
intentional impurities contained. 

Of course , impurities can be doped into a compound 
semiconductor constituting a light-emitting layer. When 
5 impurities are doped into a light-emitting layer, the 
wavelength is shifted toward long wavelengths even if the 
indium mole fraction is the same. On the other hand, if the 
light-emitting layer contains a quantum well layer, the 
wavelength is shifted toward short wavelengths due to quantum 
10 effects. 

It may be noted that the data shown by the solid line 
in Fig. 1 were obtained as follows. 

A 2 um-thick GaN layer was formed on a surface a of a 
disc-like 100 um-thick sapphire substrate by means of a metal 
15 organic vapor phase epitaxial growth method (hereinafter 
abbreviated as the "MOVPE method"), and a 20 nm-thick In x Ga!_ x N 
layer was formed thereon similarly by means of the MOVPE 
method . 

A pulse laser was irradiated (at an excitation strength 
20 of 200 kW/cm 2 ) onto the In x Gai_ x N layer at room temperature. 
Then, the wavelength A of a ray of light emitted from the 
I^Ga^N layer was measured. The photon energy Eg was 
calculated from the peak wavelength X of such ray of light. It 
may be noted that such a relationship as X = 1239. 8/Eg is 
25 established between the wavelength X and the photon energy Eg 
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<eV) . 

The indium mole fraction was calculated by means of an 
AES (Auger electron spectroscopy) method. 



5 BRIEF DESCRIPTION OF THE DRAWINGS 

In the accompanying drawings: 

Fig. 1 is a graph showing relationships between the 
indium mole fraction and photon energy of rays of light emitted 
from light-emitting layers; and 
10 Fig. 2 is a sectional view of a light-emitting diode , 

which is an embodiment of the invention. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The modes of embodiment of the invention will now be 
15 described further in detail with reference to specific 
examples . 
1st Embodiment 

A semiconductor light-emitting device according to the 
first embodiment is a blue light-emitting diode having a peak 
20 wavelength of 470 nm. Fig. 2 is a sectional view of a light- 
emitting diode 10 according to this embodiment. 

This light-emitting diode 10 is formed by having a 
buffer layer 2 comprising AlN , a first clad layer 3 comprising 
n-GaN, a light-emitting layer 4 made of InGaN, and a second 
25 clad layer 5 made of p-GaN doped with magnesium grown 
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sequentially on a sapphire substrate 1. A transparent 
electrode 6 made of gold is further arranged on the upper 
surface of the second clad layer 5, and an electrode 8 is 
deposited further on the transparent electrode 6 by vacuum 
5 evaporation. An electrode pad 7 is arranged also on the first 
clad layer 3. 

The first clad layer 3 is formed on the sapphire 
substrate 1 through the buffer layer 2 made of AlN . The first 
clad layer 3 may be of a double-layered structure with an n- 
10 layer having a low electron density on the light-emitting layer 
side and an n~ layer having a high electron density on the 
buffer layer side. 

The light-emitting layer 4 is not limited to a double 
heterostructure shown in Fig. 2, but may be applied to a single 
15 heterostructure , a superlattice structure, and the like. 

An AlxInyGa^x^N ( including X=0 , Y=0, X=Y=0) layer, which 
has a wide band gap and which is doped with an acceptor such as 
group I1A element, preferably magnesium, may be interposed 
between the light-emitting layer 4 and the p-type second clad 
2 0 layer 5. This technique is employed for preventing electrons 
implanted into the light-emitting layer 4 from being diffused 
into the second clad layer 5 . 

The second layer 5 may be of a double structure with a 
p-layer having a low magnesium density on the light-emitting 
25 side and a p-layer having a high magnesium density on the 
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electrode side. 

The magnesium-doped p-type second clad layer 5 has a 
large resistance. Therefore, even if a current is introduced 
only from the electrode 8 to one end of the second clad layer 
5 5, it is likely that current density will not become uniform 
over the entire area of the light-emitting layer 4. To 
overcome this problem, the thin-filmed transparent electrode 6 
that extends over substantially the entire area of the second 
clad layer 5 is interposed between the electrode 8 and the 

10 second clad layer 5. 

As a material of which the electrode 8 and the 
transparent electrode 6 is made includes: Au, Pt , Pd, Ni, or an 
alloy containing these metals. These metals and alloys are 
formed on the second clad layer 5 by vacuum evaporation. 

15 The electrode 7 that is connected to the n-type first 

clad layer 3 is made of Al, Ti, or an alloy containing these 
metals . 

A method of preparing the light-emitting diode 10 
according to the first embodiment and specifications of the 
2 0 respective layers will be described next. 

The respective semiconductor layers of the light- 
emitting diode are formed by means of the MOVPE method. In 
this growth method, a desired crystal is grown on a substrate 
by supplying ammonia and alkyl compound gases containing group 
25 III elements such as trimethylgallium (TMG), trimethylaluminum 
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(TMA), and trimethylindium (TMI) to a substrate that has been 
heated to an appropriate temperature and by subjecting the 
gases to a thermal decomposition process, 

A single-crystal sapphire substrate 1, having a surface 
5 cleaned by an organic cleaning process and a thermal treatment, 
is attached as a main surface to the susceptor within a vapor- 
phase reaction system. Then, the sapphire substrate is 
subjected to a vapor phase etching process at 1100°C while 
introducing N 2 into the reaction system at a flow rate of 2 

10 1/min at atmospheric pressure. 

Then, the buffer layer 2, made of AlN, is formed on the 
substrate to a thickness of about 50 run by decreasing the 
temperature to 400 °C and by supplying N 2 at a flow rate of 20 
1/min, NH 3 at a flow rate of 10 1/min, and TMA at a flow rate 

15 of 1.8 x 10~ 5 mol/min. 

Then, the first clad layer 3, made of silicon-doped GaN 
and having a film thickness of about 2200 nm and an electron 
density of 2 x 10 18 /cm 3 , is formed by keeping the temperature of 
the sapphire substrate and the buffer layer at 1150°C and by 

20 introducing TMG at a flow rate of 1.12 x 10~ A mol/min and NH 3 at 
a flow rate of 10 1/min. 

Then, the light-emitting layer 4, made of In 0-15 Ga 0i85 N 
and having a film thickness of about 500 nm, is formed by 
keeping the temperature at 850 °C and by introducing N 2 at a 

25 flow rate of 20 1/min, NH 3 at a flow rate of 10 1/min, TMG at 
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a flow rate of 1.53 x 10~ u mol/min, and TMI at a flow rate of 
0.02 x 10" 4 mol/min. 

Then, the second clad layer 5, made of magnesium- doped 
GaN and having a film thickness of about 1000 nm, is formed by 
5 keeping the temperature at 850°C and by introducing N 2 at a 
flow rate of 20 1/min, NH 3 at a flow rate of 10 l/min, TMG at 
a flow rate of 1.12 x 10" 4 mol/min, and CP 2 Mg at a flow rate of 
2 x 10" 4 mol/min. The concentration of magnesium in the second 
clad layer 5 is 1 x 10 20 /cm 3 . The second clad layer 5 is a 

10 high-resistance semi-insulator. 

Electron beams are thereafter irradiated uniformly onto 
the second clad layer 5 using an electron beam irradiation 
system. The electron beam irradiating conditions are: an 
acceleration voltage of about 10 kV, a sample current of 1 uA, 

15 a beam moving velocity of 0.2 mm/sec , a beam diameter of 60 urn, 
and a vacuum degree of 5.0 x 10" 5 Torr. The second clad layer 
5 is transformed into a desired p-type layer while subjected to 
an electron beam irradiation process performed under the above 
conditions. It may be noted that the resistance of the second 

20 clad layer 5 ranges from 30 to 70 S2/cm. 

The thus formed semiconductor wafer is subjected to a 
known etching process to have such semiconductor layer 
structure as shown in Fig. 2. Successively, the electrode 7 is 
formed on the first clad layer 3 by vacuum evaporation; the 

25 transparent electrode 6 made of gold is deposited on the second 
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clad layer 5; and the electrode 8 made of gold is further 
arranged on the transparent electrode 6 by vacuum evaporation. 

The thus formed semiconductor wafer is cut into unit 
elements to form desired blue light-emitting diodes . 
5 When a forward current of 3.5 V and 20 mA is applied, 

a blue light-emitting diode emits blue light as visually 
observed. When this blue light is subjected to a spectroscopic 
analysis, the peak wavelength thereof is 470 nm. 
2nd Embodiment 

10 A light-emitting diode in the second embodiment is a 

green light-emitting diode having a peak wavelength of 520 run. 

The light-emitting diode according to this embodiment 
is characterized in that the light-emitting layer comprises 
Irio.21Gao.79N . The light-emitting layer is formed similarly to 

15 that of the first embodiment while adjusting the flow rate of 
TMI . 

The specifications of other layers in the second 
embodiment are the same as those in the first embodiment. 

When a forward current of 3.5 V and 2 0 mA is applied, 
20 a green light-emitting diode emits green light as visually 
observed. When this green light is subjected to a 

spectroscopic analysis, the peak wavelength thereof is 520 ran. 

The invention is not limited to the aforementioned 
descriptions of the modes of embodiment and specific examples 
25 thereof whatsoever, and includes various modifications that can 
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be conceived by the skilled in the art without departing from 
the scope of the claims. 

The invention is, of course, applicable to laser 

diodes . 

5 As described in the foregoing, a light-emitting layer 

that is formed on a sapphire substrate and that is made of 
InxGa^N exhibits the following approximate relationship between 
the indium mole fraction X and the wavelength X of an emitted 
ray of light, this relationship being a new discovery. 
10 A (nm) = 1239. 8/Eg (eV) 

Eg - 3.4 * (1-X) + 1.95 * X - 4.26 * X * (1-X) 
On the other hand, in the conventionally proposed 
relationship, the coefficient in the third term was -1.0 as 
shown in Fig. 1. 

15 Therefore, according to the invention, the indium mole 

fraction X is smaller than in the convention example when a ray 
of light having the same wavelength is to be emitted. For 
example, to emit rays of light whose wavelengths are 470 nm and 
520 nm, indium mole fractions of 0.26 and 0.67 were required in 

2 0 the conventional example, while indium mole fractions of 0.15 
and 0.21 are required according to the present invention. It 
is generally said that a larger indium mole fraction impairs 
the crystal quality of a light-emitting layer and thus reduces 
light-emitting efficiency. Hence, according to the invention, 

25 a semiconductor light-emitting device having a light-emitting 
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layer whose light-emitting efficiency is high can be provided. 

Further, the following method for controlling a 
wavelength of a semiconductor light-emitting device can be 
obtained based on the aforementioned facts. That is , in a 
5 semiconductor light-emitting device having a sapphire substrate 
with a light-emitting layer being formed of ln x Gax_ x N and 
emitting light whose wavelength is X, the wavelength X is 
controlled while changing the indium mole fraction X so as to 
satisfy the following relationship: 
10 X (nm) = 1239. 8/Eg (eV) 

Eg = 3.4 * (1-X) + 1.95 * X - 4.26 * X * (1-X). 
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WHAT IS CLAIMED IS : 



1 1. A light-emitting device comprising: 

2 a sapphire substrate; and 

3 a light-emitting layer comprising In x Ga 1 . x N / wherein said 

4 light-emitting layer has an indium mole fraction X ranging from 

5 about 0.13 to about 0,18 and emits blue light. 

1 2. A light-emitting device according to claim 1, 

2 further comprising: 

3 a buffer layer comprising AlN; 

4 a first clad layer comprising n-GaN; and 

5 a second clad layer comprising p-GaN doped with 

6 magnesium . 

1 3. A light-emitting device according to claim 2, 

2 further comprising : 

3 a transparent electrode comprising gold disposed 

4 on said second clad layer; and 

5 an electrode pad disposed on said first clad 

6 layer. 

1 4. A light-emitting device according to claim 2, 

2 further comprising: 

3 an Interposed layer comprising Al x In Y Ga i# . x _YN , 

4 wherein said interposed layer has a wide band gap, is doped 
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5 with an acceptor, and is interposed between said light-emitting 

6 layer and said second clad layer. 

1 5. A light-emitting device according to claim 4, 

2 wherein said acceptor is a group IIA element. 

1 6. A light-emitting device according to claim 4, 

2 wherein said acceptor is magnesium. 

1 7. A light-emitting device comprising: 

2 a sapphire substrate; and 

3 a light-emitting layer comprising InxGa^N, wherein said 

4 light emitting layer has an indium mole fraction X ranging from 

5 about 0.19 to about 0.26 and emits green light. 

1 8. A light-emitting device according to claim 7, 

2 further comprising : 

3 a buffer layer comprising A1N; 

4 a first clad layer comprising n-GaN; and 

5 a second clad layer comprising p-GaN doped with 

6 magnesium. 

1 9. A light-emitting device according to claim 8 , 

2 * further comprising: 

3 a transparent electrode comprising gold disposed 
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4 on said second clad layer; and 

5 an electrode pad disposed on said first clad 

6 layer. 

1 10. A light-emitting device according to claim 8, 

2 further comprising: 

3 an interposed layer comprising AlxInvGa^x^N , 

4 wherein said interposed layer has a wide band gap, is doped 

5 with an acceptor, and is interposed between said light-emitting 

6 layer and said second clad layer. 

1 11. A light-emitting device according to claim 10, 

2 wherein said acceptor is a group 1IA element. 

1 12 . A light-emitting device according to claim 10, 

2 wherein said acceptor is magnesium. 

1 13 . A semiconductor light-emitting device comprising: 

2 a sapphire substrate; and 

3 a light-emitting layer comprising I^Ga^N with 

4 an indium mole fraction X and emitting light with a wavelength 

5 X ; 

6 wherein the indium mole fraction X and the wavelength 
1 k of the emitted light approximately satisfy the following 
8 conditions : 
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9 
10 



A (run) = 1239. 8/Eg (eV) 

Eg = 3.4 * (1-X) + 1.95 * X - 4.26 * X * (1-X). 



1 14. A semiconductor light-emitting device according 

2 to claim 13, wherein the indium mole fraction X ranges from 

3 about 0.13 to about 0.18, and the light-emitting layer emits 

4 blue light. 

1 15 . A semiconductor light-emitting device according 

2 to claim 13, wherein the indium mole fraction X ranges from 

3 about 0.19 to about 0.26, and the light-emitting layer emits 

4 green light. 

1 16. A semiconductor light-emitting device according 

2 to claim 13, further comprising: 

3 a buffer layer comprising A1N; 

4 a first clad layer comprising n-GaN; and 

5 a second clad layer comprising p-GaN doped with 

6 magnesium. 

1 17 . A semiconductor light-emitting device according 

2 to claim 16, further comprising: 

3 a transparent electrode comprising gold disposed 

4 on said second clad layer; and 

5 an electrode pad disposed on said first clad 
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6 



layer . 



1 18. A semiconductor light-emitting device according 

2 to claim 16, further comprising: 

3 an interposed layer comprising A^I^Ga^^N, 

4 wherein said interposed layer has a wide band gap, is doped 

5 with an acceptor, and is interposed between said light-emitting 

6 layer and said second clad layer. 

1 19. A light-emitting device according to claim 18, 

2 wherein said acceptor is a group IIA element. 

1 2 0. A light-emitting device according to claim 18, 

2 wherein said acceptor is magnesium. 
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ABSTRACT OF THE DISCLOSURE 
A novel light-emitting device includes a saphire 
substrate with a light-emitting layer comprising In x Ga x _ x N, 
where the critical value of the indium mole fraction X is 
5 determined by a newly derived relationship between the indium 
mole fraction X and the wavelength X of emitted light. 
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